Neoplastic Perfusion Susceptibility a b s t r a c t Differentiation between infectious and neoplastic brain processes is crucial for treatment planning. Advanced magnetic resonance imaging techniques, such as diffusion, perfusion, susceptibility weighted imaging, and magnetic resonance spectroscopy, enhance the imaging differences between these two pathologies. However, despite the utilization of these advanced techniques, the pathologic process may be confound by atypical findings. Here, we report a case of an autistic patient with multiple brain lesions with diffusion weighted imaging, susceptibility weighted imaging, and perfusion patterns resembling features of a multicentric glioblastoma, which were confirmed surgically, neuropathologically, and bacteriologically as brain abscesses. We discuss the differentiation of these different entities in the light of advanced magnetic resonance imaging techniques. 
The patient subsequently underwent magnetic resonance imaging (MRI) (Avanto 1.5T, Siemens, Erlangen, Germany) to further differentiate these masses, which showed a multilocular lesion with a diameter of 4.5 cm in the left frontal lobe with marginal circular diffusion restriction and a reduced apparent diffusion coefficient (ADC) map and central increased diffusivity. The susceptibility weighted imaging (SWI) showed a peripheral irregular ring with a decreased signal and no dual rim sign. The perfusion parameters indicated a marked peripheral increased in relative cerebral blood volume (rCBV), with markedly increased leakage coefficient (K2) in the ring lesion as well as in the surrounding extensive perifocal edema (Fig. 1) . The ring enhancement was Competing Interests: The authors have declared that no competing interests exist. * Corresponding author.
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Available online at www.sciencedirect.com incomplete medially toward the lateral ventricle with increased signal intensity of the cerebrospinal fluid in the left frontal horn (Fig. 2 ). Other lesions with diffusion restriction were observed in the right frontal and parietal lobes with 2 cm and 6 mm diameters, respectively. Because of the emergency situation and the indication for immediate operation, additional MR spectroscopy was not performed. Although the described imaging findings were atypical for an infectious process (no central diffusion restriction, no dual rim sign, and increased rCBV), the image features as a whole particularly the medially incomplete ring of enhancement and the clinical context clearly favored abscesses over multicentric glioblastoma or metastasis. For this reason, the patient underwent an emergency craniotomy with subsequent neuropathologic and microbiological examination, which confirmed the presence of intracranial abscesses with meningitis and ventriculitis. During the operation, evacuation of the frontal abscesses was performed, and a left-sided external ventricular drainage was placed. Bacteriological tests showed the presence of Streptococcus milleri. A follow-up MRI after the craniotomy showed abscess evacuation but also signs of ischemia and increased intracranial tension due to prolonged preoperative raised intracranial pressure, perifocal edema, and herniation. Despite rapid, adequate, and intensive adjuvant therapy, the patient did not recover substantially and ultimately passed away 10 days thereafter.
Discussion
The differential diagnosis of multiple lesions with ring enhancement and prominent perifocal edema includes mainly infectious and neoplastic processes, such as brain abscess, metastasis, and multicentric glioblastoma [1, 2] . Differentiation between these entities is of utmost importance to determine the indications and urgency of intervention and a suitable management plan. Advanced MRI techniques complement the role of conventional MRI in the differential diagnosis between these entities, and typically, more than one sequence is required to increase the sensitivity and specificity due to the complex pathogenesis of the disease process [3] .
Diffusion weighted imaging (DWI) is based on the random Brownian motion of water molecules in a voxel of tissue; thus, it may provide information about the existing disease process according to the mobility of water within the lesion [4] . The usefulness of DWI in differentiating between brain abscesses and necrotic or cystic tumors has been previously proven with a sensitivity of 96% [5e7]. Depending on the stage of the abscess, the high cellularity and viscosity of the pus in the abscess cavity result in restricted diffusion, which appears hyperintense on the DWI and hypointense in ADC [4] . In contrast, necrotic tumor cysts demonstrate high diffusivity, that is, hypointense in DWI with an increased ADC value. A low diffusion signal similar to brain tumors has been reported in approximately 5%e21% of untreated abscesses [8] . Higher ADC values are found in fungal abscesses than in bacterial abscesses [9] . Lesions with ring pattern in DWI have a broad spectrum of differential diagnoses. In immunocompetent patients, the differential diagnosis includes mainly demyelinating diseases and stroke, but only in 3% of cases pyogenic abscesses [10] .
SWI is designed by combining the gradient echo data of phase and magnitude [11] . It utilizes the susceptibility differences between tissues to obtain an intrinsic imaging contrast. SWI is sensitive to the differences between paramagnetic substances such as iron and blood products, which have positive susceptibility, that is, appear hypointense, and diamagnetic substances, such as calcium, water, and other tissue contents, which have negative susceptibility [11, 12] . Because angiogenesis is a hallmark of aggressive tumors, such as glioblastoma, SWI is helpful in detecting blood products associated with this pathologic process [12] . The random deposition of hemorrhagic products in glioblastoma causes the presence of a hypointense rim surrounding the necrotic center, which is usually irregular and incomplete, in contrast to the hypointense rim present in brain abscess, which is usually smooth and complete [13] . Pyogenic brain abscess, and not glioblastoma, has a characteristic appearance of a concentric hypointense rim surrounding a hyperintense rim. This appearance is called a "dual rim sign" and is found in the SWI due to its sensitivity to both paramagnetic and diamagnetic substances [13] . The end products by macrophages of paramagnetic free radicals have been proposed to be responsible for the hypointense rim, and the granulation tissues between the necrotic center and fibrocollagenous capsule are most likely responsible for the hyperintense signal [13, 14] . The dual rim sign has been reported to be the most specific feature in differentiating brain abscess from glioblastoma on SWI [13] .
Perfusion imaging enables the measurement of tissue microcirculation. The most widely used perfusion technique in MRI is the dynamic susceptibility contrast imaging [15] . It uses the signal intensity loss in T2* gradient recalled echo, which occurs dynamically after injecting a bolus of contrast. The role of perfusion imaging, specifically the calculated rCBV, is an estimation of the angiogenesis, which is a marker for aggressive tumors, in which the enhancing rim contains viable tumors, thereby demonstrating an increased rCBV. In contrast to the brain abscess and its enhancing rim, which lacks neovascularization and histologically the microvascular density is markedly lower than in glioblastoma, and thus, it demonstrates lower rCBV values on the enhancing rim compared to glioblastoma [8] . Underestimation of rCBV may occur due to a signal intensity increase secondary to the T1 effect, which occurs in pathologies with bloodebrain barrier breakdown and contrast leakage. Thus, a higher accuracy can be achieved by calculating (K2). The increase in vascular permeability in both abscess and glioblastoma correlates with an increase in K2 in enhancing rims and adjacent edema, but metastasis shows an increase in K2 only in the enhancing rim [8] . In summary, the corrected rCBV demonstrates different values between neoplastic and infectious processes, but the K2 values are the same. Table 1 summarizes the differences between pyogenic brain abscess and glioblastoma based on the discussed three advanced MRI sequences. Ozbayrak et al. [16] reported a case of atypical presentation of brain abscess in DWI and PWI, but with a dual rim sign. Our patient showed atypical presentations in all three sequences. In DWI, it was atypical due to the presence of ring diffusion restriction and increased central diffusivity, while in SWI, it was atypical due to the absence of the dual rim sign and the presence of an irregular hypointense ring. In the PWI, it was atypical due to the higher rCBV value than expected for an abscess.
Originally described in animal models and later in humans, the development of pyogenic brain abscess passes through four stages: early cerebritis, late cerebritis, early capsule, and late capsule [17, 18] . Imaging features evolve over time, and the appearance during MRI varies widely between these four stages ( Table 2 ) [19] . This variation may affect the specificity of imaging signs described in the literature. In the early capsule stage, the abscess rim enhances strongly and is thinnest on its ventricular side, which may rupture causing ventriculitis, as in the presented case [2] . A possible cause of the atypical feature in DWI in our case is that the abscess ruptured causing the abscess contents to flow into the ventricle, which may have also caused admixing of pus with cerebrospinal fluid inside the abscess cavity, thus causing increased diffusivity in the center of the abscess.
The imaging findings on the SWI are dependent on magnetic strength [14] with more sensitive results on 3T [20] . The study showing the dual rim sign by Toh et al. was performed on 3T, and our examination was performed on 1.5T. Bleeding on the abscess wall may also cause atypical findings [21] . Another possible cause for the irregularity on the SWI could be the reduced pressure inside the abscess cavity after rupture into the ventricle, causing irregularity of the abscess membrane and therefore disorganization of the deposited paramagnetic free radicals.
Perfusion measurement is a complex process in which many factors may lead to abnormal findings, including the specific technique used [22] . Cianfoni et al. [23] reported a case of nocardial brain abscess with increased vascularity in the enhancing rim of the lesion showing increased rCBV. Muccio et al. [24] reported brain abscess in the early capsular stage with increased rCBV resembling a necrotic tumor. In both cases, the enhancing rim was thin. The presumed explanation was that the abscess was in the early capsular stage [24] . In the presented case, the area with increased rCBV is corresponded to the thickest part of the enhancing rim (Figs. 1D and F) , which may represent a relative increase in capillary density, thus increasing the rCBV.
Teaching point
Although advanced MRI techniques provide valuable information for differentiating pyogenic brain abscess from neoplastic lesions, atypical findings must be taken into account. Thus, correlation with conventional MRI sequences and consideration of the clinical picture are of utmost importance in determining the adequate management strategy. r e f e r e n c e s
